The tumor suppressor gene TP53 is known to be a key regulator in cancer, and more than half of human cancers exhibit mutations in this gene. Recent evidence shows that point mutations in TP53 not only disrupt its function but also possess gain-of-function and dominant-negative effects on wild-type copies, thus making the mutated gene an oncogene. Hence, this brings about the possibility that TP53 mutations may be under selection for increasing the overall translation efficiency (TE) of defected TP53 in cancerous cells. Here, we perform the first large-scale analysis of TE in human cancer mutated TP53 variants, identifying a significant increase in TE that is correlated with the frequency of TP53 mutations. Furthermore, mutations with a known oncogenic effect significantly increase their TE compared with the other TP53 mutations. Further analysis shows that TE may have influence both on selecting the location of the mutation and on its outcome: codons with lower TE show stronger selection toward nonsynonymous mutations and, for each codon, frequent mutations show stronger increase in TE compared with less frequent mutations. Additionally, we find that TP53 mutations have significantly higher TE increase in progressive versus primary tumors. Finally, an analysis of TP53 NCI-60 cell lines points to a coadaptation between the mutations and the tRNA pool, increasing the overall TP53 TE. Taken together, these results show that TE plays an important role in the selection of TP53 cancerous mutations. [Cancer Res 2009;69(22):8807-13] 
Introduction
The tumor suppressor gene TP53 is known to be a key regulator in cancer, and it is estimated that mutations in the sequence of the gene occur in more than half of human cancers (1, 2) . These mutations were shown to be related to prognostic features in several cancers (1, 3, 4) . Being a known tumor suppressor (5), one would expect cancerous mutations would decrease the levels of TP53 either by diminishing protein synthesis or by producing a truncated product. However, >75% of TP53 alterations are missense point mutations that lead to the synthesis of a stable full-length protein (4, 6) . Moreover, these mutated p53 proteins are often expressed in higher levels than those of the wild-type p53 (7) . These intriguing results suggest that missense mutations in TP53 may not only lead to lossof-function but may also be related to a potential gain-of-function (GOF), contributing to cancer progression by effectively endowing the mutant TP53 with oncogenic functions. In line with this possibility, it has been shown that some of these mutations have a dominant-negative effect (DNE) on the wild-type p53, suppressing its activity (8) (9) (10) (11) . TP53 mutations may result in the gain of an array of different functions, including regulation of gene expression, cell growth, cell death, and resistance to chemotherapeutic agents (4, 7, (12) (13) (14) . These new functional roles of mutated p53 proteins may imply that TP53 mutations are subjected to selection forces in cancer. Indeed, it is known that, in cancerous TP53, the rate of nonsynonymous mutations (compared with synonymous mutations) is significantly higher than expected, testifying to a positive selection (15) . In addition, the distribution of mutations shows that some mutations are more frequent than others, with several hotspots, and that mutations tend to occur in conserved sites (15) .
Another possible selection force may be toward translation efficiency (TE). As each codon is read by a different set of tRNAs, codons with more abundant corresponding tRNAs are likely to be translated more quickly. Therefore, synonymous and nonsynonymous codon usage affect translation elongation rate and therefore the TE of the gene. Numerous studies have shown that the codon bias observed in different organisms plays a significant role in TE, with highly expressed and functionally important genes showing a higher level of coadaptation between the codon usage and the tRNA pool (16, 17) . Analyzing >10,000 human genes, we have recently shown that codon bias plays significant role in TE in humans and other mammals as well (18) . Further support to the significance of codon bias is found in heterologous protein expression experiments: in these studies, different organisms display different codon biases as well as different tRNA pools. Various small-scale studies have shown that expressing a foreign gene in different organisms (including human cells) while fitting its codons to the tRNA pool of the host organisms (without changing its protein sequence) can increase its protein levels by several orders of magnitude (Table 1 in ref. 19) .
TP53 point mutations change the corresponding codon and therefore may have effect on its TE. In the current study, we aim to examine whether cancerous mutations observed in TP53 do significantly increase its TE. Several previous studies of TE and posttranscriptional regulation in different malignancies focused on mutations altering regulatory sequences affecting mRNA stability and translation (20) (21) (22) . However, they did not analyze how cancerous changes in TE are related to altered codons in the sequence of the gene. This study, focusing on TP53, is the first to study the effects of mutations on the TE of cancer genes on a large-scale manner.
Materials and Methods
Measuring TE. TE for each codon was measured as in ref. 23 (Supplementary Table S1 ). For that purpose, tRNA genomic copy numbers were downloaded from the Genomic tRNA Database (24) . To measure the effect of a point mutation on TE, we calculated the ratio between the TE of the mutated codon and that of the wild-type codon.
Mutational data. TP53 point mutations data were downloaded from the IARC TP53 database, Release R13 (ref. 25 ; Supplementary Table S2) .
DNE and GOF mutations were defined based on the file "TP53MUTFunc-tion1R13.TXT" (Supplementary Tables S3 and S4 ). For each functional group (DNE and GOF), we evaluated the significance of their median TE by comparing it with those of 100,000 same-sized mutation sets, randomly chosen from the set of all mutations.
Cancer progress state for each mutation was defined based on the file "TP53SomaticR13.txt." We compared the two groups of mutations by randomly selecting 100,000 sets from the larger group (primary) with the same size as the smaller group (progressive) and compared the median of the two sets.
For tissue-specific mutations, we have focused on primary tumor mutations and divided them into tissues according to the data provided in the database.
NCI-60 analysis. Nonsynonymous point mutations in NCI-60 were taken from Ikediobi and colleagues (ref. 26 ; Supplementary Table S5 ). Copy number variation of genomic locations was obtained from Barrett and colleagues. 4 Based on these data and the tRNAs loci (24), we have computed the tRNA pool of each cell line (Supplementary Table S6 ).
Evolutionary dN/dS. Positional nonsynonymous and synonymous substitution ratios (dN/dS) along TP53 sequence were computed using Selecton (27) based on orthologues of 10 mammals (Fig. 1) . Orthologous groups were downloaded from BioMart (28) . Supplementary Table S7 and Fig. 2 show these dN/dS ratios.
Cancerous dN/dS. Similar to evolutionary rate (ER) measure, we define a measure for selection toward nonsynonymous versus synonymous mutations in cancerous TP53. Let s and ns be the number of synonymous and nonsynonymous point mutations, respectively, reported for a codon. Let S and NS be the number of different synonymous and nonsynonymous possible point mutations in that codon, respectively. Cancerous dN/dS of a codon is defined as (ns/NS)/(s/S). Higher values of this measure imply selection toward nonsynonymous mutations, which may affect the protein structure and therefore its function. Supplementary Table S7 and Fig. 2 show cancerous dN/dS ratios.
Background model and significance test. Two background models were used to assess the significance of our results. Both models preserve the position distribution of the point mutations along the gene's sequence as reported in the database but differ in the nucleotide substitutions frequencies (e.g., from A to G). In the first model, these frequencies were estimated from TP53 mutation data, whereas, in the second model, we used substitution frequencies based on analysis of human pseudogenes (29) . For each model, we randomly sampled 18,926 point mutations (as in the original data set). Next, we compared the TE of the original data set to those of the background models. An optimal examination should compare, for each codon and mutation, mutations that result in the same amino acid substitution (e.g., from aspartic acid to valine), thus preserving the functionality of the mutated codon. However, the nature of the genetic code is such that, for most amino acid substitutions, there is not more than one possible point mutation leading to it. Therefore, such a comparison would not be applicable for most mutations. Instead, we compared between mutations resulting in similar (but not necessarily identical) amino acids. Two amino acids were defined as similar if their distance was below a certain threshold; to . Lowering the similarity threshold results in less comparable random mutations for each mutation and therefore decreases the number of reported mutations for which we can assess significance. We used thresholds that allowed a comparison for at least half of the reported mutations in the database. For each comparable mutation, we calculated its TE ratio (the ratio of the TE obtained when considering the cancerous mutation versus the wild-type) and the mean TE ratio for similar mutations in the same codon in the background model (the ratio obtained when mutating from the wild-type codon to the functionally similar one in the background model). Concatenating these values (weighted by their frequencies), we obtained two vectors of TE ratios (one for the real data and one for the background model). Using a Wilcoxon test, we calculated P values for the significance of the difference between the two distributions. We repeated the analysis 20 times (each time a different set of random mutations was generated), thus obtaining data on the variance of the background models. Figure 3 also shows some small variance for the IARC TP53 data set itself as in different background models; slightly different subsets of mutations were compared.
TE selection.
For each codon, we tested whether the mutation with the highest TE is also the one that is most frequent. For mutation a, let TE(a) and C(a) be the TE and the number of reported occurrences, respectively, of a. For any codon i, let M i be the mutation of codon i with the highest TE. For any other mutation m i in codon i, we calculated two ratios: TE(M i )/TE (m i ) and C(M i )/C(m i ). We calculated the overall Spearman correlation between these two ratios for all codons (and, similarly, for all codons with >100 mutations).
Results
Mutational effects on TP53 TE are selected for. We have downloaded TP53 mutation data from the IARC TP53 database (25) . The database contains data for 1,710 different reported somatic mutations. As each mutation may be reported more than once in the database, there are 18,926 point mutations in total. The vast majority of these mutations are nonsynonymous, composing 1,342 (78.5%) different mutations and a total of 17,851 (94.3%) mutations.
Focusing on TP53 nonsynonymous somatic mutations that are more likely to be under positive selection pressures, we asked how these mutations affect TP53 TE (see Supplementary Note 1 for analysis of synonymous somatic mutations). Thus, we adopted the approach that selection for TE can be obtained not only by optimizing the codon usage of the same amino acid but also by considering substitutions to functionally similar amino acids that are translated more efficiently (34, 35) . Figure 2A shows the distribution of nonsynonymous mutations along the TP53 sequence.
To measure TE, we used the tRNA adaptation index (24) . In tRNA adaptation index calculation, each codon is assigned a normalized value, which is based on the genomic copy numbers of the corresponding tRNAs available for its translation and their affinity. Thus, this value reflects the efficiency of translation for each codon. Next, the tRNA adaptation index measure is calculated for each gene based on its codon composition. The tRNA adaptation index measure was shown to be highly correlated with protein abundance in Saccharomyces cerevisiae and Schizosaccharomyces pombe (35) and was previously used to analyze TE both in yeast species (17) and in humans (18) . Following these studies, we have used the value assigned to each codon in the tRNA adaptation index calculation as a measure for its TE. Notably, we find the (29); see Materials and Methods]. Each mutation was compared to a similar mutation in the background model. Similarity between amino acids was defined according to amino acid distance matrix and a threshold. For the two background models, we used three amino acid distance matrices (PAM10, BLOSUM80, and chemical distance), resulting in the six plots depicted in the figure. Each threshold in the amino acid similarity matrices defines groups of amino acid substitution that can be compared with each other (similarity groups). Tighter thresholds define smaller similarity groups. These graphs plot the mean TE (Y axis) as a function of the mean size of the similarity groups (X axis; defined by the threshold) for both the observed data and the background model. The dashed lines represent 2 SDs from the mean TE. In all cases, the TE ratio is significantly higher than the background models (P < 10 TE measure to correspond to known in vivo measurements of translation rate of specific codons made in Escherichia coli. For example, the TE ratio between GAA and GAG codons was 3.125 compared with a ratio of 3.34 reported experimentally (36) .
We measured the ratio between the TE of the mutated codon and the wild-type codon for each of the 17,851 mutations reported in the database. We found that the mean ratio is 1.412, indicating an overall increase in TE for these mutations (see Fig. 2B for TE ratios along the TP53 sequence). Further, there is a low but significant correlation between the increase in TE of the mutation and the number of its occurrences in the database (R = 0.0706; P = 0.0097). Similar signal was observed when measuring the correlation between the mean TE ratio of a codon and the number of mutations reported for that codon (R = 0.113; P = 0.039). In addition, when we divide the mutations according to their TE change, we find a significant difference in frequency. For mutations with decreased TE (TE ratio below 1), the mean frequency was 9.65 counts per mutation, whereas, for mutations with increased TE (TE ratio above 1), the mean frequency was almost twice as high: 17.85 (P = 4.71 × 10 −5 , Wilcoxon test). To evaluate the statistical significance of the TE ratio results reported above, we compared our results to background model (Materials and Methods). As can be seen in Fig. 3 , the increase in TE was highly significant compared with the random models. Interestingly, the results reported above were not observed in germ-line mutations, where selection forces are less direct and hence expected to be lower (Supplementary Note 2). Additionally, we found that mutations with higher TE are more frequent: there is a positive correlation between the mutation with the highest TE for each codon and its frequency (relative to the frequency of the other mutations in that codon; R = 0.0714; P = 0.0231; Materials and Methods). When focusing on hotspots, codons with >100 reported mutations (which comprise >70% of the reported mutations), where selection forces are presumably stronger, the correlation increases (R = 0.2283; P = 4.31 × 10 −4 ). To further study the potential role of TE in selecting TP53 mutations, we next examined whether positions with relatively lower TE are mutated more frequently to increase their TE. Examining all mutations, we did not find a significant correlation between the TE of the wild-type codon and the number of mutations reported in it. Yet, when focusing on hotspots, we found a significant negative correlation (R = −0.4325; P = 0.0042). Furthermore, we found a significant negative correlation between the TE of the codon and the ratio of nonsynonymous to synonymous mutations (cancerous dN/ dS ratio; Fig. 2D ; Materials and Methods; R = −0.169; P = 0.013). The correlation was much more significant for hotspots (R = −0.5; P = 0.0019). These results show that sites with relatively low TE were under stronger selection for nonsynonymous mutations. Next, we calculated the TE ratios of mutations that are known to have either a DNE or a GOF effect on p53 and therefore are presumably selected for. Functionality data were available from the IARC TP53 database for 49 DNE mutations and 92 GOF mutations (Supplementary Tables S3 and S4 ). The mean TE ratio was significantly higher for both sets of mutations than for non-DNE/non-GOF mutations (empirical P values = 0.0424 and 0.00002 for DNE and GOF mutations, respectively). Although both results were significant, GOF mutations were more significantly separated from the other mutations.
TE and cancer progress. A plausible assumption is that as cancer progresses, the mutations it acquires and retains are more beneficial to the survival of the cancer cells. Therefore, if TE is under selection, TP53 mutations in progressive cancer should have a higher TE. To test this hypothesis, we collected data on 11,422 (1,419 unique) mutations in primary tumors and 755 (329 unique) mutations in recurrent, secondary, and metastasis tumors (Materials and Methods). We found that although in both cases there is an increase in TE (compared to random), the increase in progressive tumors is significantly higher than primary cancers (mean, 1.503 versus 1.417 in progressive versus primary tumors, respectively; P = 3 × 10 −5 ). The significant difference between the TE increase in the different stages of tumor progress strongly testifies to the selective advantage that TE increase has in emerging TP53 mutations. TP53 exhibits different levels of selection for TE in different tumors. Previous studies have shown that tumors from different tissues exhibit different TP53 mutation patterns (4, 37, 38) . To study whether we can find tissue-specific differences in the TE changes, we have compiled a list of mutations from primary tumors from different tissues. Although TP53 exhibited an increase in TE in all tissues examined, its TE ratios varied between 1.12 and 1.44 in different tissues, with significant differences between several tissues (Table 1; Supplementary Table S8 ). These results suggest that the origin of the tumor might have an effect on the strength of TE selection. In addition, we found a marked correlation between each tissue's mean cancerous dN/dS (Materials and Methods) and its mean TE (R = 0.4975; P = 0.0442). However, we should note that, for several of the tissues, the dN/dS ratio was only available for a relatively small number of codons (Supplementary Table S8 ).
TP53 point mutations and chromosomal aberrations modifying the tRNA pool. Many cancers exhibit chromosomal aberrations (39) , changing the copy number of many genes. Similar to other genes, the copy number of various tRNA genes can be altered as well, changing the actual levels of these genes (40) . Overall, these variations do not change dramatically the tRNA pool, thus allowing us to use wild-type genomic copy numbers for our calculations ( Supplementary Fig. S1 ). Nevertheless, we aimed to study whether these rather minor-scale changes coadapt with the TP53 mutations to increase the overall TE. Using copy number variation data on 60 cancerous cell lines (NCI-60), we calculated the tRNA pool for each of these cell lines (Supplementary Table S7 ). We then measured the TE ratio for the 25 nonsynonymous point mutations present in these cell lines (ref. 26 ; Supplementary Table S6) using both the original wild-type (before the chromosomal abnormalities have occurred) and the mutated tRNA pool. We found that the mutated tRNA pool leads to a significantly higher TE (mean, 1.825 versus 1.640; P = 0.03, Wilcoxon signed rank test). This result (yet on relatively small scale) suggests that there may be highly intriguing process of coevolution between tRNA copy number aberrations and point mutations in TP53.
ER and TP53 TE. Glazko and colleagues (15) have shown that TP53 substitution hotspots in cancer tend to be evolutionary conserved and that there is negative correlation between ER and mutation frequency in cancer cells. This implies that selection forces in cancer may be very different than evolutionary selection forces acting on healthy tissues. To study the relation between evolutionary conservation and TP53 TE, we calculated the ER values for all codons in TP53 based on orthologues from 10 species (ref. 27; Materials and Methods). Figure 2C shows ER values along the TP53 sequence. In this analysis, ER was calculated based on the ratio between evolutionary synonymous and nonsynonymous substitutions across the phylogenetic tree of the species.
First, adding to the results of Glazko and colleagues (15), we found significant negative correlation between ER and cancerous dN/dS (R = −0.183; P = 5.86 × 10 −3 ). This correlation is significant even after controlling for the TE of the codon and the number of nonsynonymous mutations (R = −0.233; P = 4.60 × 10 −4 and R = −0.141; P = 0.0353, respectively). Second, we found that conserved sites tend to be translated more efficiently: there is a negative correlation between the ER of the codon and its TE (R = −0.185; P = 2.33 × 10 −4 ). This result is similar to previous results showing that conserved sites and genes tend to be translated more efficiently in other organisms (41, 42) and that conserved human genes are translated more efficiently (18) . As mentioned above, there is also a negative correlation between the TE of the codon and its cancerous dN/dS (R = −0.169; P = 0.013). This correlation is even more significant after controlling for ER and for the number of nonsynonymous mutations (R = −0.222; P = 8.66 × 10 −4 and R = −0.3; P = 5.41 × 10 −6 for ER and number of nonsynonymous mutations, respectively). Focusing on hotspots, we found a significant correlation between cancerous dN/dS and the increase in TE (R = 0.368; P = 0.02). We did not find such a correlation between ER and the increase in TE (R = 0.02; P = 0.71), further implying that the above correlation is not indirect.
Discussion
Numerous studies in the last two decades have shown that TP53 has a major role in cancer. As more and more data have been gathered, it was shown that its mutations not only disrupt its wild-type activity but also may have additional effects of DNE and GOF, effectively making it an oncogene. This study is the first to analyze the effects of TP53 mutations on its TE on a large scale. We focus on nonsynonymous mutations, comprising the vast majority of mutations reported but control for their functional effects when studying TE by looking only on mutations resulting in functionally similar amino acids and by a careful choice of random background models. Our results show that, overall, TP53 mutations significantly increase its TE. We find that there is a significant correlation between the frequency of a mutation and its effect on TE and that mutations with known oncogenic function (DNE and GOF) significantly increase TE compared with other mutations. These results further support the hypothesis of TE selection in TP53 mutations.
We find that TE increases with cancer progression, further supporting the role of TE selection in these mutations. This gives rise to the possibility that TE analysis of existing TP53 mutations can perhaps help predicting the outcome of the cancer, similar to other studies using mutational data (1, 3, 4) . In addition, our analysis also shows that there are significant differences in TE between cancers from different tissues. A highly interesting future work would be to further analyze the differences between the tissues and see whether they are correlated with other differences between these tumors (e.g., the aggressiveness of tumors in these tissues). Focusing on NCI-60 cell lines, we find an intriguing coadaptation between the TP53 mutations and chromosomal aberrations that change the tRNA pool. Taken together, these results indicate that TE has a role in shaping mutation patterns of TP53 in tumors.
A basic assumption in this study is that the changes in TE we analyze lead to significant effects on the protein activity levels and thus are under selection. Although it has been reported previously that a single synonymous codon change can affect protein folding via TE (43) , can a single codon choice have a significant effect on the protein abundance of a 393-codon protein? The answer is likely to be positive: mutations with relatively small effects on fitness are not "neutral" and may be under selection forces when occurring within relatively large effective population size (44) . Previous studies estimated that different codons can have as much as 6-fold difference in their translation rate and that a change of a single codon can change protein levels via TE regulation in ∼1% (45) . Another analysis showed that even a small decrease in fitness (0.01 and 0.001) due to TE can be under selection in effective population size of 10 5 to 10 7 organisms (46) . Given that the effective population size of cancerous cells within a tumor is relatively large (∼10 9 in a cubic centimeter; ref. 47) , the changes analyzed here (as well as even smaller changes) may indeed be under selection. This conclusion is in line with the numerous other pertaining results presented in this study.
Nevertheless, some limitations of the current analysis should be pointed out. First, other selection forces obviously play an important role in shaping the mutation distribution found in TP53 in tumor tissues. No doubt, a major influence should be the effect of the mutation on the structure of the protein and therefore on the function of the mutated p53. Yet, TE selection may prefer one mutation over functionally similar one. In addition, although significant, the overall effect of a single codon on the entire protein level may be fairly limited; therefore, the selection force can be relatively small. This may explain why some of the correlations found are quite weak. Nevertheless, these correlations are statistically significant, implying that TE is a nonnegligible selection force in the evolution of cancerous TP53. In that respect, some TE changes may have effect also on the protein folding (43) . Bias in the mutation database due to methodologic and other biases (6) can also affect our results. Nevertheless, we obtained similar significant results also when using another database (Catalogue of Somatic Mutations in Cancer database; ref. 48) . Analyzing the 360 nonsynonymous mutations found in this database, we find that they increase the TE (TE ratio of 1.41) and that there is a significant correlation between the increase in TE and the frequency of the mutation (R = 0.187; P = 0.0228).
As mentioned, in this work, we focused on TP53 because, in addition to its central importance in cancer and its intriguing pattern of mutations, there are extensive data on TP53 mutations observed in human cancers. Currently, data about mutations in other central cancer genes are insufficient for an extensive analysis as that done here for TP53. However, a preliminary analysis done on a few other genes has failed to identify a selection pressure that is akin to what we find regarding TP53, suggesting that the pattern of cancerous mutations in TP53 may perhaps be quite unique possibly due to the DNE/GOF effect that takes place with its regard (details in Supplementary Note 3 and Supplementary Table S9 ). When more data will be available, it would be interesting to conduct a large-scale TE analysis of mutations in other central cancer-related genes as well. The basic methodology and tools are hereby laid out.
Taken together, we believe that the various significant results reported here encourage an experimental analysis of TE in TP53 mutations to further validate the main findings of this paper.
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